Objectives: Intra-articular injection of sinomenine (SN) is an effective treatment method for knee osteoarthritis (OA), however, SN could be eliminated quickly in vivo. To extend the residence time of SN in the joint cavity, the SN-hyaluronic acid (HA) conjugate was prepared previously. This study was performed to evaluate the pharmacokinetics and pharmacodynamics of SN-HA conjugate after intra-articular administration for the treatment of OA. Methods: A high performance liquid chromatography-mass spectrometry (HPLC-MS/MS) method was established to determine the SN content in rat synovial fluid. One hundred and twenty rats were randomly divided into two groups, the SN-HA group and SN group. The concentration of SN in articular cavity washings was determined by HPLC-MS/MS. The protective effect on the cartilage was evaluated by histological evaluation in a model of papain induced rabbit knee osteoarthritis. Results: The method was validated with respect to sensitivity, specificity, linearity, precision, accuracy and especially the stability of analytes under various conditions, and was successfully applied in evaluating the pharmacokinetic profiles of SN in the joint cavity. Compared to the SN injection, the drug exposure in joint cavity was significantly increased following SN-HA injection administration, and AUC (0-12h) was 2.9 times of SN injection, mean residence time (MRT) was 1.88 times of SN injection. In the pharmacodynamic study, there was no significant difference between the SN-HA twice-treated group and SH/HA five-times mixture-treated group. Conclusion: The local bioavailability of SN in joint cavity was improved significantly after conjugated with HA. The SN-HA conjugate showed good synergism effect of OA inhibition. The results indicated that the SN-HA conjugate seemed to be an effective therapeutic means for the treatment of OA.
Introduction
Osteoarthritis (OA) is a degenerative joint disease that causes progressive damage to articular cartilage. As the population ages, OA has attracted the public's attention around the world in recent years. 1, 2 More research and new products are needed in order to control the disease and its side effects.
Sinomenine (SN) is a pure alkaloid derived from the Chinese medicinal plant, Sinomenium acutum, which has been utilized to treat inflammation in China for centuries. 3 The pharmacological effect of SN including anti-inflammation,
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liu et al proved by previous pharmacological studies. Intra-articular injection of SN is also an effective treatment method for acute pain of knee OA. 8, 9 However, the short half-life in vivo restricts the application of SN, 10 and excessive dosage could cause liver damage and mild myocardial hyperemia. 11 So it is a challenge to treat OA with SN.
In recent years, in order to extend the half-life and minimize the side effects of SN, many studies have focused on the attachment of small molecule drugs with carriers that were chemically synthesized or natural polymer. 12, 13 Hyaluronic acid (HA) is a high molecular weight molecule composed of alternating N-acetyl-d-glucosamine and d-glucuronic acid residues attached by β (1) (2) (3) (4) and β (1) (2) (3) bonds. 2 Due to its good properties, HA has been considered as the first selection for the preparation of conjugate. [14] [15] [16] Now, HA and its derivative have been widely used as a carrier for many kinds of anticancer drug, 17, 18 peptide and protein drug. 19 HA not only possesses good biocompatibility, but also obviously prolongs residence time in the administration area, improves drug bioavailability, diminishes adverse drug reaction. 20 Moreover, HA is the main ingredient of the articular cartilage and synovial fluid, and plays an important role for the normal joint physiological function serving as a lubricant, scavenger for free radicals, and for the regulation of cellular activity such as binding of proteins. In a previous study, our group has prepared SN-HA conjugate with glycine as a spacer for the therapy of OA, and the conjugate showed significant SN delayed-release effect in vitro. 20 The conjugate may exert synergistic functions of SN and HA, and improve the therapeutic effect for OA.
In this study, we investigate the local pharmacokinetics (PK) of SN in the rat joint and its therapeutic effect in a rabbit model of OA following SN-HA conjugate injected intra-articularly.
Materials and methods reagents
SN was provided by Tiancheng Plant Engineering Co., Ltd. (Shanxi, China). HA was provided by Freda Biopharm Co., Ltd. (Shandong, China). The SN-HA conjugate was prepared according to the method described by Liu et al, 20 wherein the degree of substitution (DS) of SN was 26.5%. Theophyllinum was supplied by China Food and Drug Testing Institute (Bejing, China). Methanol, acetonitrile and formic acid were purchased from Thermo Fisher Scientific Inc. (Waltham, USA).
Pharmacokinetics study animal experiments
All animal studies were conducted in accordance with Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) guidelines with the approval of the Institutional Animal Care and Use Committee of Drug Safety Evaluation Center of Shandong Institute of Pharmaceutical Industry (Jinan, China). Male Sprague Dawley rats (200-250 g) were acclimatized to laboratory conditions at 20°C-26°C and 35%-75% relative humidity for more than a week before dosing. The animals were given a pelleted diet and were given free access to food and water. Animals were acclimatized for 7 days before the experiments were initiated.
One hundred and twenty rats were randomly divided into two groups, the SN-HA conjugate group and the SN/HA mixture group. The rats were deeply anaesthetized with an isoflurane/O 2 gas mixture until the flexor withdrawal reflex was abolished. Left knees were intra-articularly injected with the SN-HA conjugate and SN dissolved in the HA, respectively. The injection volumes of SN and SN-HA were 60 µL (the SN content were both 0.68 mM). Six rats from each group were executed at 5 minutes, 15 minutes, 30 minutes, 1 hour, 1.5 hour, 2 hours, 4 hours, 6 hours, 8 hours, 12 hours post injection, and the joint cavities were washed with 5 mL saline, and diluted to 10 mL with saline. The joint cavity washing fluid was stored at -20°C until analysis.
Quantification of SN in the synovial fluid instrumentation
Samples were analyzed on an Agilent 1,260 Infinity LC system (Agilent Technologies, Santa Clara, CA, USA) comprising a 6,460 triple quadrupole equipped with an electrospray ionization source, vacuum degasser, binary pump and thermostatic column compartment. The LC system, mass spectrometer and data analysis are controlled using Agilent Mass Hunter software version B.05.01 (Agilent Technologies).
hPlcMs/Ms conditions
The analytical column was a Zorbax SB-C18 column (Agilent Technologies; 150 mm*4.6 mm, 5 µm). The mobile phase consists of methanol (solvent A) and 0.1% formic acid solution (solvent B) at a flow rate of 1.0 mL/min (A:B, 20:80).
The mass spectrometer was operated in an ESI positive ion mode. Multiple reaction monitoring transitions were performed at m/z 329.9→180.9 for SN, and m/z 181.0→124.0 for theophylline (internal standard, IS, purity .99%, National Institute for Food and Drug Control).
The optimized values for collision energy and fragmentor were 35 V and 155 V for RA, 20 V and 110 V for IS. Other ion source conditions were as follows: ion spray voltage, 4500; ion-source temperature, 550°C. Nitrogen was used as both curtain and collision gas. The stock solutions of SN (100 µg/mL) and IS (5 µg/mL theophylline solution) were prepared in methanol. 100 µL sample synovial fluid was dispensed into 1.5 mL polyethylene tubes followed by 10 µL of IS (5 µg/mL theophylline solution) and vortexed for 1 minute. Then 390 µL acetonitrile containing 0.1% trifluoroacetic acid was added and vortexed for another 2 minutes. The mixture was centrifuged at 10,000 rpm for 10 minutes at 4°C. Supernatant was injected (5 µL) into the high performance liquid chromatographymass spectrometry (HPLC-MS/MS) system.
Bioanalytical method validation
The method was validated by determining the following parameters: matrix effects, selectivity, linearity range, recovery, accuracy, precision, lower limit of quantification (LLOQ) and stability studies.
selectivity and matrix effect
The selectivity was assessed by using six blank rat joint cavity washing fluid samples that were subjected to the precipitation procedure and analyzed to determine the extent to which endogenous synovial fluid components could interfere in the analysis of the SN and IS. Blank (without SN or IS), drug sample (with SN) and IS sample (with IS) were prepared, processed and analyzed for the exclusion of any endogenous co eluting interference at the peak region of both SN and IS.
The matrix effects of SN and IS were evaluated by using the ratios of the mean peak areas of the analytes spiked in posttreatment joint cavity washing fluid to those of the mean peak areas of the pure standard solution at corresponding concentrations (low, medium, and high concentrations).
calibration curves
Seven-point calibration curves over the concentration range of 10-1,000 ng/mL were constructed to demonstrate the linearity of the method. The ratio of the SN peak area to that of the IS vs the respective standard concentrations was used for plotting the graph, and the linearity was evaluated by a weighted (1/x 2 ) least-squares regression analysis. The acceptance criteria for each calculated standard concentration was not more than 15% deviation from the nominal value, except for the LLOQ which was set at 20%.
accuracy and precision
To evaluate the interday precision and accuracy, the quality control (QC) samples with SN in different concentrations were analyzed together with one independent calibration standard curve for three assay batches. The intraday precision and accuracy were evaluated through analysis of QC samples at three different concentrations in six replicates in the same batches. Inter-and intraday precision was expressed as relative standard deviation (RSD). The accuracy was expressed as the percent ratio between the experimental concentration and the nominal concentration for each sample. The evaluation of precision was based on the criteria that the deviation of each concentration level should be within 15%.
recovery
Protein precipitation extraction procedure of the joint cavity washing fluid followed as described before. The peak areas of extracted joint cavity washing fluid (pre-spiked) standard QC samples (N=6) were compared to those of the post-spiked standards at equivalent concentrations to determine the extraction recovery of SN. Recoveries of SN and IS were determined by analyzing six replicates at three concentration levels (low, medium, and high concentrations).
To determine whether SN could be released completely from the conjugate through the current sample preparation method, the joint cavity washing fluid containing SN-HA samples (the SN content at low, medium, and high concentrations) were prepared and processed for SN determination.
limits
The lowest standard concentration on the calibration curve should be accepted as the limit of quantification if the following conditions are met: the analyte response at the LLOQ should be at least five times the response compared to blank response and analyte peak (response) should be identifiable, discrete, and reproducible with a precision of 20% and accuracy of 80%-120%. 21 stability Two concentrations (high and low) were selected to carry out all the stability studies using six replicates at each of the two concentration levels. Replicate injections of processed samples were analyzed up to 12 hours to establish autosampler (AS) stability of SN and IS at 4°C. The stability of SN in rat joint cavity washing fluid during 6 hours exposure at room temperature was determined. Freeze/thaw (FT) stability was evaluated up to three cycles. In each cycle, samples were frozen for at least 12 hours at -20°C. Freezer stability was assessed by analyzing the QC samples stored at -20°C for at least 15 days. The stability was determined using initial concentrations of SN determined for the freshly prepared samples. Samples were considered to be stable if 
Dilution integrity
The dilution integrity experiment was performed for validation of the routine procedure to dilute samples in which the observed concentration is higher than the upper limit of quantification of the method. Dilution integrity experiments were carried out by 10 times dilution of joint cavity washing fluid samples containing 5,000 ng/mL of SN with blank matrix to obtain samples containing 500 ng/mL of SN.
Pharmacokinetic parameters
The data were subjected to non-compartmental pharmacokinetic analysis using Phoenix WinNonlin (version 5.1, Pharsight Corporation, St Louis, MO, USA). The observed maximum concentration (C max ) and the time to reach the maximum concentration (T max ) were obtained by visual inspection of the experimental data. Area under the synovial fluid concentration-time curve (AUC) from time zero to the last quantifiable concentration was calculated using linear trapezoidal rule. The MRT is calculated as area under the first moment curve (AUMC)/AUC.
Pharmacodynamics study experimental Oa model and treatment regimens
Forty adult male New Zealand White rabbits (2.5±0.2 kg) were housed individually in steel cages of 45×30×60 cm dimensions and maintained under the same environmental conditions (temperature 19°C-21°C, relative humidity of 50%-60%) for 2 weeks. The animals were fed with a standard rabbit diet (14% protein, 7% fat, 15% cellulose, 1%-1.2% calcium and phosphorus) and filtered water.
Papain and l-cysteine were dissolved in normal saline at a concentration of 2% (w/v) and 0.03 mol/L before use and the solution was filtrated with a 0.22 µm membrane. IA injections of the solution into the left knees of 30 rabbits were performed three times on days 1, 3 and 5, respectively. Then these animals were randomly divided into three groups of 10 each. The SN suspended in HA were injected intraarticularly into the left knees once a week for 5 weeks (SN/ HA mixture group). The SN-HA conjugate were given intraarticularly into the left knees in weeks 1 and 3 (SN-HA conjugate group), while normal saline were injected once a week for 5 weeks (NS control group). The injection volumes of SN and SN-HA were 300 µL (the SN content were both 3.4 mM). Animals in the sham group (N=10) were just given injection practices and not induced OA or received drug treatment.
histological evaluation of the cartilage Femoral condyle and tibial plateau were collected and stained for histological evaluation using standard procedures. Briefly samples were fixed with 10% (w/v) buffered formalin for 48 hours, and subsequently decalcified in a solution containing 5% formic acid, 8.5% hydrochloric acid and 7% (w/v) AlCl 3 for 7 days, dehydrated, embedded in paraffin, and cut into 5 µm-thick serial sections. Serial sections were collected from the same anatomical site and stained with H&E for the analysis of cartilage structure. The histology was evaluated through double-blind observations following the method described previously.
statistical analysis
Data were presented as mean ± SD. SPSS 16.0 statistical software was used (SPSS Inc., Chicago, IL, USA). Data were initially evaluated for normal distribution. Statistical significance among groups was then tested using ANOVA analysis and differences between groups were further confirmed by the Student's t-test. P,0.05 was considered to be significant.
Results selectivity
In the present study, the selectivity was studied by using rat joint cavity washing fluid samples from six different rats. Figure 1 shows a typical chromatogram for the drug-free rat joint cavity washing fluid and drug-free joint cavity washing fluid spiked with SN and IS. As shown in Figure 1 , there is no significant interference from synovial fluid found at retention time of either the SN or the IS. sensitivity, linearity, accuracy, and precision LLOQ was the lowest quantifiable concentration whose signal-to-noise ratio was greater than five and it was found to be 10 ng/mL for the SN. Seven calibration standards (10-1,000 ng/mL) were used to construct the synovial fluid calibration curve. The average regression (N=3) was found to be $0.998. The accuracy observed for the mean of backcalculated concentrations for three calibration curves was within 96.19% to 105.16%, while the precision values ranged from 2.59% to 9.76% (Table 1 ). Accuracy and precision data for intra-and interday synovial samples are presented in Tables 2 and 3 . The assay values on both the occasions (intra-and interday) were found to be within the accepted variable limits. (Table 4) . The results were found to be within the assay variability limits during the entire process.
recovery and matrix effect
The extraction recoveries of SN ranged from 92.82% to 97.54%, and the extraction recovery of the IS was 94.44% to 103.26%. The matrix effect of SN ranged from 94.53% to 98.22%, and the matrix effect of IS ranged from 93.29% to 101.02%. The recovery of SN released from the SN-HA conjugate was 95.96%-102.84% (Table 5 ).
clearance kinetics of sn from joint cavity
The validated HPLC-MS/MS method was successfully used to measure the synovial concentration of SN after intraarticular administration of SN-HA and SN. The synovial fluid concentration-time curve was shown as Figure 2 . Almost at all the time-points, the SN concentration of SN-HA conjugate group was higher than that of the SN group. The main pharmacokinetics parameters of SN are listed in Table 6 . When equally available SN was administrated, the AUC 0-12h values were 22,449.97 µg/L*h and 7,726.91 µg/L*h, the MRT were 1.07 hour and 0.57 hour. Compared with the SN injection, the AUC and the MRT has been increased about 2.9 times and 1.88 times by the SN-HA injection. The MRT of the SN-HA was 1.07 hours, which was also prolonged. Figure 3 presents a comparison of different treatment groups. In the normal group, the superficial layer of articular cartilage was smooth and integrity, overlaying the subchondral bone plate and the chondrocytes were flattened and arranged in neat rows. However, in the saline group, the joint cartilage showed noticeable degradation, including irregular superficial layer, complete degenerative and disarranged chondrocytes. The SN-HA conjugate and SN/HA mixture treatment groups showed significant improvement of fissures, disorganization and loss of chondrocytes (P,0.05, Table 7 ). There was 
histological evaluation

Discussions
In this study, we investigate the sustained-release effect of SN from the SN-HA conjugate in the rat joint and its therapeutic effect in a rabbit model of OA following intra-articular injection. The kinetic study results indicated that the MRT and AUC have been increased by the SN-HA conjugate, and the pharmacodynamic (PD) study indicated that the SN-HA conjugate twice-treated group and SN/HA mixture-treated five times group have no significant differences. Intra-articular injection of papain could induce a reliable and reproducible rabbit OA model and was widely used for the efficacy study. 22 However, synovial fluid collection was difficult to operate using living animals and would affect the SN content at the subsequent time-point. In this study, 6 animals each group were killed at each time-point for sample collection, rats were chosen rather than rabbits for the pharmacokinetics study considering the animal welfare and suitability for operation. 23, 24 Release of SN depended on the hydrolysis of SN-HA conjugate and hyaluronidase degradation of HA in the joint cavity. In our study, the content of total SN was detected, including the free SN and SN in the conjugate which could be completely released in the acidic treatment condition.
A simple and fast HPLC-MS/MS method for the determination of SN in synovial fluid was developed and validated by allowing its determination in the 10-1,000.00 ng/mL range. The assay is rapid, the analysis time is only 6.5 minutes, and this method involves a single-step protein precipitation procedure using theophyllinum as IS. The results of the validation studies show that the method possesses selectivity, sensitivity, linearity, precision, and accuracy. The proposed method was successfully applied to the pharmacokinetic study of SN and SN-HA after intra-articular injection into the rat knee joint. Compared with the SN injection, the AUC and the MRT have been increased about 2.9 times and 1.88 times by the SN-HA injection.
Intra-articular injection of SN has therapeutic effect on knee OA by decreasing inflammatory cytokines, such as the IL-1β, IL-6 and tumor necrosis factor-α (TNF-α) in the synovial fliud. 25, 26 The primary mechanism of HA injection is to restore the viscoelasticity of synovial fluid and increase the ability of synovial fluid to lubricate and protect articular tissues, and to absorb joint loads, inhibiting the further progression of OA. 27, 28 In the pharmacodynamics study, intra-articular administration of SN-HA conjugate and SN/HA mixture solutions both showed significant improvement of fissures, disorganization and loss of chondrocytes. An important finding was that SN-HA conjugate could be injected fewer times than SN/HA mixture or HA to get similar OA treatment effect, because no significant difference was seen between the SN-HA conjugate twice-treated group and SN/HA mixture-treated five times group. However, in our further work, it is necessary to compare the effect of treatment twice with SN-HA conjugate with that of the treatment twice with SN/HA mixture, SN and HA, separately.
Conclusion
Intra-articular injection of SN-HA conjugate might be a novel effective therapeutic approach for the treatment of OA. In the future work, the PK/PD study in the same animal model was needed to illuminate the synergism effect and clear the relationship between PK and PD of SN-HA conjugate after intra-articular administration for OA treatment. 
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